ABSTRACT Diapause development in the bollworm, Heliothis zea (Boddie), and the tobacco bud worm, H. virescens (F.), was compared in central Texas during 1980-1981 by collecting overwintering pupae from a field of pigeon peas, Cajanus cajun L., throughout the overwintering period and determining their diapause condition and the number of days to adult emergence at different temperatures. The pattern of diapause development in central Texas is similar in both species and apparently consists of two distinct developmental phases. Phase one occurs at low temperatures during the fall and early winter and leads to the attainment of a physiological state beyond which the overwintering pupae will not develop under the prevailing low temperature conditions. Phase two occurs at higher temperatures and leads to diapause termination. That H. zea overwintering pupae in phase two development consistently required significantly longer exposures to the study temperatures for diapause termination and for adult emergence, explains why H. virescens has been reported to emerge from overwintering before H. zea. Males of both species also required significantly longer exposures than the females. The temperature threshold for reactivation leading to diapause termination is apparently similar for both species.
THE BOLLWORM, Heliothis zea (Boddie), and the tobacco budworm, H. virescens (F.), overwinter as pupae in the soil. They do so by entering a facultative diapause in the fall and emerging in the spring when conditions are suitable for reproduction. Information on overwintering is critical to assess its role in the population dynamics of both species and to determine if migration is occurring during early season.
Although a considerable amount of literature is available on the pattern of diapause development (Andrewartha 1952) and termination in H. zea and H. virescens (Roach and Adkisson 1971 , Fye and Carranza 1973 , Rabb et al. 1975 , Holtzer et al. 1976 , Logan et al. 1979 , Potter and Watson 1980 , Potter et al. 1981 , Lopez et al. 1983 ), additional information is needed on the differences and similarities in the diapause of the two species so that these can be related to their pattern of occurrence. Holtzer et al. (1976) , Logan et al. (1979) , Potter and Watson (1980) , Potter et al. (1981) , and Lopez et al. (1983) have provided evidence and have concluded that diapause development in both species consists of two phases: phase one is associated with exposure to low temperatures while phase two is associated with a resumption of development leading to diapause termination upon exposure to the increasing temperatures of early spring. is also available of a similar pattern of diapause development in Chloridea obsoleta F. (probably H. armigera) in Russia (Kuznetsova 1972) and H. armigera is Australia (Wilson et al. 1979) . Holtzer et al. (1976) reported that in North Carolina, samples of diapausing H. zea pupae held under outdoor conditions during the overwintering period and transferred to 23°C at regular intervals snowed a decline in days to emergence throughout the winter whereas in a similar study with H. virescens in Arizona conducted by Potter and Watson (1980) , days to emergence remained essentially the same from mid-December to late February. Lopez et al. (1983) reported similar findings for fieldcollected, overwintering H. virescens pupae in central Texas. However, they also reported that based on a relatively small sample of overwintering H. zea pupae, the pattern of diapause development appeared similar to that of H. virescens. Therefore, to obtain a better understanding of the pattern of diapause development of both species under similar conditions, the study reported here was undertaken.
Methods and Materials
In 1980, a plot (ca. 2 ha) of pigeon pea, Cajanus cajun L., was planted at the Texas A&M University Plantation (Burleson County), to provide a suitable late-season host for the overwintering generation of Heliothis spp. During the period in fall when the plants were flowering, which is the period they are most attractive to Heliothis spp. for oviposition, the plot was treated with diflubenzuron (140 g [AI]/ha) and crop oil (0.95 liter/ha) in 415 416 ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA Vol. 78, no. 3 water to control the velvetbean caterpillar, Anticarsia gemmatalis Htibner.
Starting in early October when larvae began pupating and throughout the period that overwintering pupae were present in the plot, pupae were collected approximately twice weekly by the careful scraping of thin soil layers to expose the pupae and their tunnels. Pupae thus collected were cleaned in the laboratory and identified by species. Diapause status was determined according to the criteria of Phillips and Newsom (1966) . The primary emphasis was on the occurrence and location of the larval eyespots since retention of the eyespots has been correlated with diapause induction and maintenance. The pupae were then placed individually in 30-ml clear plastic cups closed with a cardboard cap, and held in an incubator at 26.7 (80°F) ± 1°C under continuous darkness. They were checked daily until either adults emerged or the pupae were verified as dead. This temperature was selected because of the availability of a large amount of data on the nondiapause development of the two species (Kogan et al. 1978) . In addition, previous research has indicated that photoperiod has little if any influence on emergence from diapause in H. zea (Roach and Adkisson 1971) and H. wrescens (Stadelbacher and Martin 1980) . The influence on diapause of other factors such as humidity inside the plastic cups is unknown. When adults emerged, the species, sex, and date of emergence were recorded along with the pupal collection date. The pupae were exposed to light for brief periods when the chamber was opened to check for adult emergence.
Since exposure of the pupae collected in early October (3-9 Oct. 1980) to 26.7°C might cause reversion to a nondiapause condition because of insufficient conditioning by the lower soil temperatures normally encountered in the field, those pupae were kept in a temperature control chamber at 15 ± 1°C for 10 days before being placed at 26.7°C. While the pupae were at 15°C, they were checked daily for emergence of adults. Although diapause in H. zea and H. virescens is induced in the egg and larval stages, diapause is not attained until the insects are in the pupal stage so it is possible that diapause may not be reinforced and may terminate prematurely if the pupae are not held under conditions suitable to reinforce and maintain diapause (J. D. Lopez, unpublished data).
To determine the effect of different temperatures on the adult emergence rates of the two species, pupae collected on 27, 28, 29, and 30 January, and on 17, 18, and 19 February 1981 were randomly divided into six groups when they were brought in from the field each day. Each group was exposed to either 15, 18, 21, 24, 26.7 , or 30 ± 1°C in controlled temperature chambers, where they were checked daily for adult emergence. Additional pupae were included in the group exposed to 26.7°C since the weekly samples collected during the two periods were also used to determine the effect of the different temperatures. With the exception of pupae held at 15°C, all pupae which had not emerged were checked on 24 August 1981, and those still alive were moved to the 26.7°C incubator and monitored daily for adult emergence. Pupae held at 15°C were checked for viability on 24 April 1981. At this time, the pupae had been at 15°C for between 65 and 87 days and no adults had emerged. Live pupae were placed in small test tubes (1 by 7.5 cm) with tissue paper at the bottom so the pupae could be checked for eyespot movement under a microscope without having to handle them. The pupae of each species (83 H. zea and 18 H. virescens) were then divided into three groups. One group was kept at 15°C and checked daily for eyespot movement and adult emergence. The other two groups were exposed to 17 and 19°C. These temperatures were chosen because Roach and Adkisson (1971) and Holtzer et al. (1976) reported that temperatures >18°C were necessary for development leading to diapause termination and emergence. For the two groups, a piece of string was taped to the small test tube and the small test tube was suspended inside a larger test tube (1.7 by 15 cm) by pinching the string against the side of the larger test tube with a cork. The larger test tubes were then held in test tube racks immersed in a solution of ethylene glycol/ water in controlled temperature baths (Forma Scientific, Model 2095, Marietta, Ohio) maintained at 19 and 17 ± 0.1°C. These pupae were checked daily for eyespot movement by removing the smaller inner test tubes and examining the pupae under the microscope. These examinations were made in small groups to minimize the time that the pupae were out of the controlled temperature. Eyespot movement was detected by categorizing the location of the eyespots at the start of exposure for each pupa and checking for changes in category of classification. As soon as eyespot movement was detected, the pupae were moved to the temperature control chamber maintained at 15°C to determine if development would occur at a lower temperature once diapause terminated and to ensure that diapause had in fact terminated.
After 129 days exposure to 19 and 17°C in the water baths and 15°C in the temperature control chamber, the pupae that had not broken diapause were exposed to 26.7°C until the adults emerged or they were determined to be dead. The date of diapause termination and adult emergence was recorded for each pupa. Because it was not possible to determine the response of the diapausing pupae to exposure to the different temperatures beforehand, the length of exposures to the different temperatures were not predetermined and were modified as the studies progressed.
Since the pupae collected throughout the overwintering period and exposed to 26.7°C until adult emergence were checked daily only for adult emergence and were not checked to determine the time required for diapause termination and sub- 417 sequent time to adult emergence, diapause pupae collected from the field on 23 March 1981 were placed in the small test tubes and kept in a controlled temperature chamber maintained at 26.7 ± 1°C. The pupae were checked under a microscope daily for diapause termination (eyespot movement) and adult emergence and the dates were recorded.
Statistical comparisons of the number of days required for diapause termination and adult emergence between species and between sexes of the same or different species in the samples collected from the field and exposed to the different temperatures were made using Student's t test (P = 0.05).
Results and Discussion
Pupae were collected from the study plot on 68 different dates between 3 October 1980 and 21 May 1981. Of the 4,290 pupae collected, 63.1% were H. zea and 36.9% were H. virescens. A direct comparison of the pattern of diapause development was possible because both species were exposed to the same soil conditions. Also, since the populations being studied were field populations and were allowed to enter the soil under unrestricted conditions, it would be expected that the data collected should reflect characteristics that exist in field populations of the two species.
Of the H. zea and H. virescens pupae collected and evaluated for the number of days required for adult emergence (DEM) at 26.7°C, 90.0 and 91.5%, respectively, produced adults. Percentage of emergence of adults from individual sample dates varied from ca. 80 to 100%. However, since no discernible pattern was observed relative to the date of pupal collection, no further information is presented on percentage of emergence.
The pupae that were collected 3 to 9 October 1980 and held at 15°C for 10 days before being placed at 26.7°C included 75 H. zea and 52 H. virescens; 90.7% of the H. zea and 57.7% of the H. virescens pupae were in diapause. Mean (±SD) DEM at 26.7°C (not counting the 10 days at 15°C) for both the nondiapause and diapause H. zea was 40.1 ± 27.8 (n = 61) (2-33.1 ± 23.4 [n = 29], 6-46.4 ± 28.4 [n = 32]). Adults emerged from the diapausing H. zea pupae in a DEM of 44.6 ± 25.6 (n = 54) ( Table 1) . Mean DEM (not counting the 10 days at 15°C) for H. virescens pupae was 29.3 ± 30.0 (n = 47) (5-29.4 ± 28.4 [n = 25], 3-29.1 ± 32.4 [n = 22]). Mean DEM for the diapausing H. virescens pupae was 45.2 ± 31.0 (n = 27).
DEM for all male and female H. zea and H. virescens adults that emerged from pupae collected between 10 October 1980 and 12 May 1981 are shown in Fig. 1 and 2 , respectively. The samples have been grouped into time intervals to facilitate presentation of the data. Corresponding data for both species for sampling dates when both diapausing and nondiapausing pupae were collected are presented in Table 1 .
Statistical comparisons of the data presented in Fig. 1 November to 9 December, and 29 December to 8 April. As such, consistent significant differences in mean DEM between sexes of the same or different species were observed primarily between early January and early April.
The data shown in Fig. 1 and 2 indicate the pattern for DEM was similar in both species. The period from the initiation of sampling until early December was characterized by the highest mean and SD DEM values recorded for both H. zea and H. virescens, with a pronounced reduction in these as time progressed. During October, percentage of diapause among the H. zea pupae varied between 90.5 and 93.0% (Table 1) . Although all the pupae collected in early November were in diapause, those in subsequent samples in November showed a very small number of pupae that were not in diapause. However, only one adult emerged from the latter pupae and the remainder died. Since little change was observed in the minimum DEM values while the maximum DEM values decreased, diapause development during this period was associated with a decrease in the DEM values for the pupae with the higher DEM requirements. This effect is demonstrated in Table 2 which shows the percentage of the diapausing pupae of each species collected each month between October and January in each category of DEM. This effect could be considered a "stacking" of the pupae at a certain developmental stage or phase that resulted in the decreases in mean and SD DEM values. Thus, the development associated with the reduction in mean DEM was apparently able to proceed only to a certain level under the prevailing winter field conditions.
The H. virescens pupae collected during the period from early October to early December initially had lower DEM requirements than the H. zea. However, this can be explained by the lower percentage in diapause when collected. Although percentage of diapause among the H. virescens collected was lower than with H. zea throughout most of October, almost all of the pupae were in diapause by late October, ca. 1 week before the H. zea. Here, too, it was evident that the pupae developed to a certain minimum level and became stacked as the pupae with the higher DEM requirements underwent diapause development that was reflected in decreases in mean and SD DEM values.
Both species attained a relatively homogenous physiological stage or phase by mid to late December. By this time, only pupae in diapause were found in the field indicating that all nondiapause pupae had already emerged or had died. As such, diapause in H. zea and H. virescens is probably necessary in order for these species to survive the winter and for emergence in the spring to be synchronized with suitable environmental conditions in central Texas.
From mid-December to late February, the pupae of both species did not undergo much development that was reflected in changes in DEM. It is evident that the SD for DEM continued to decrease during this entire period and reached a minimum at the end of this period. A similar reduction has been reported for H. zea and H. virescens and H. armigera by Roach and Adkisson (1971) , Kuznetsova (1972) , Holtzer et al. (1976) , Logan et al. (1979) , Potter and Watson (1980) , Potter et al. (1981) , and Lopez et al. (1983) . The major difference between the two species was in the physiological stage or state to which the pupae could develop under the prevailing conditions during the fall and winter. The H. virescens diapause pupae had significantly lower DEM requirements than the H. zea after phase one development. As has been reported earlier (Logan et al. 1979 , Potter et al. 1981 , Lopez et al. 1983 ), the attainment of this uniform physiological state by overwintering H. zea and H. virescens pupae may be important because it means that the time of entry into diapause in the fall may not have an effect on the time of adult emergence from the overwintering pupae in the spring. Also, phase one diapause development in H. zea was completed by about mid-December which differed from the pattern reported by Holtzer et al. (1976) for H. zea in North Carolina where it was completed by about late March.
In late February, mean DEM for both species started to decrease, but was not immediately associated with a decrease in the percentage of pupae in diapause. It appears then that during the period from mid-December to late February the H. zea and H. virescens pupae were queued for resumption of development when conditions became favorable. In central Texas, a warming trend generally starts at this time.
The period from late February to mid-March was associated with resumption of development leading to diapause termination in both species since the first pupae that had already broken diapause were found in the samples collected from 10 to 13 March. This development is characteristic of phase two diapause development. Although first observed in both species at the same time, diapause termination occurred more rapidly in H. virescens than in H. zea. By early April, >90% of H. zea pupae remained in diapause compared with 64.6% for H. virescens. Associated with the decrease in mean DEM during this period were also increases in the SD's for both species. It is also apparent in Fig. 1 and 2 that females resumed development earlier than males.
During this period of phase two development, both species appeared to respond to temperature in the same manner; DEM for both species started decreasing at the same time in mid-February. The 7.4 ± 2.6ay 9.0 ± 2.8ay 5.0 ± 2.6ay 4 1.7 ± l.ly 0 0 1 13.0 ± 1.4ay 20 9.8 ± 0.8ay 11.2 ± 1.7ay 10.5 ± 2.4ay
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b DEM values do not include the 10 days exposure to 15°C.
higher DEM requirements for H. zea than for H. virescens observed for the field-collected pupae were reflected in the more rapid rate of diapause termination in H. virescens. This difference between the two species was verified by the exposure of diapausing pupae to 26.7°C and determining the number of days required for diapause termination and adult emergence. For the H. zea pupae, mean days to diapause termination was 4.9 ±1.1 (n = 29) which was significantly slower than for H. virescens (3.2 ± 1.1, n = 15). After diapause termination, mean DEM for H. zea and H. virescens were 12.7 ±1.1 and 12.0 ± 1.1, respectively, and these means were not significantly different. The total mean DEM for H. zea was 17.5 ± 1.9 and for H. virescens it was 15.2 ± 1.7. The results of the exposure of the field-collected Values in the same column for pupae of different species exposed to the same temperature followed by the same letter (a and b) are significantly different (P = 0.05; Student's t test). Values in the same row for pupae of different sexes of the same species are significantly different if followed by different letters (x and y).
a Eight pupae which did not emerge at 18°C emerged at a mean ± SD DEM of 17.0 ± 1.8 at 26.7°C (exposed to 18°C for between 187 and 209 days).
pupae to the different temperatures (Table 3) indicated that differences between the two species and the different sexes of each species persisted with most of the study temperatures. H. virescens adults emerged significantly faster than H. zea adults at study temperatures and females of both species emerged before males at exposure temperatures >21 and 18°C for H. zea and H. virescens, respectively. The inability of some of H. zea pupae to terminate diapause even after being exposed to 18°C for between 187 and 209 days and the subsequent emergence in mean DEM of 17.0 at 26.7°C indicates that for this species, 18°C is near the threshold for diapause termination as reported by Roach and Adkisson (1971) and Holtzer et al. (1976) . Wilson et al. (1979) reported that in H. armigera, diapause development is resumed at a temperature of ca. 17°C. The difference in diapause development between the two species explains the earlier emergence from overwintering of H. virescens in the field that has been reported by Fife and Graham (1966) , Neunzig (1969) , Rabb et al. (1975) , Gross et al. (1975) , Hartstack et al. (1982) , and Lopez et al. (1984) . The difference in the pattern of diapause development between sexes of both species also explains the earlier emergence of females that has been reported for both diapause and nondiapause insects.
The results obtained for the exposures of the diapause pupae to 19, 17, and 15°C provided definitive information relative to the temperature threshold for diapause termination especially for H. zea (Table 4) . Differences observed between the exposure of the pupae to 19 and 17°C in the 15.8 ± 1.9 17.9 ± 3.2a 17.0 ± 1.9a
15.3 ± 1.0a 15.5 ± 0.7a
Values in the same column for pupae of different species exposed to the same temperatures and which are followed by different letters are significantly different (P = 0.05; Student's t test).
0 Moved to 26.7°C after 129 days exposure to the different temperatures. b Exposure to this temperature was in a water bath. c Exposure to this temperature was in a temperature control chamber.
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ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA Vol. 78, no. 3 water baths and to 15°C in the temperature control chamber probably were caused by smaller fluctuations in temperature in the water baths than in the temperature control chamber. DEM requirements for adult emergence at 15°C after diapause termination indicate that once diapause is terminated, a lower developmental temperature threshold than that for diapause maintenance is involved. The consistent mean DEM requirements at 26.7°C for the pupae that did not terminate diapause after exposures of between 194 and 216 days to 17°C indicate that this is the lower limit of diapause development for pupae of both species. It should also be remembered that the diapause pupae had been exposed to field conditions for the period between about late October and late January to midFebruary so these pupae had been in diapause a total of 9 to 10 months. Two equations were generated for the data on Table 3 which incorporate 17°C as the threshold for diapause development. The equations are y = 84.23 -28.00 ln(x -17) and y = 59.6 -18.22 ln(x -17) for H. zea and H. virescens, respectively. In these equations, y = DEM and x = exposure temperature (°C). The r 2 for both equations is 0.99. These equations may be useful in a mathematical model to predict the overwintering emergence of the two species.
